Low-frequency and high energy sonication were used in the experiments on ultrasonic disintegration of activated sludge. Selected operational parameters of sonication were monitored and analyzed. The transformation of solids into a dissolved form by application of ultrasounds was analyzed on the base of changes in the concentrations of carbon, nitrogen and phosphorus. The scope of the research included determination of a five-day biochemical oxygen demand and rate constant of decomposition, which parameters indirectly represented the biodegradability of product of activated sludge disintegration. The study showed that the propagation of ultrasonic wave was highly disintegrating factor, generating a product of the characteristics of concentrated organic solution. By sonication of activated sludge the dissolved phase was enriched particularly in significant amounts of nitrogen and phosphorus. These elements could disturb the processes that require additional source of carbon, thus application of sonication for generation of easily available of organic carbon may seem less feasible. It seems more appropriate application of sonication to reduce the excess sludge through sludge disintegration and biological conversion. For optimum ultrasonic disintegration of activated sludge was considered sonication time 1200 s, which corresponded to the acoustic energy 170 kJ and specific energy 36 MJ/kgTS. In view of obtained values of the rate constant of decomposition, it was found that the disintegration of sludge required energy sonication in excess of 22 MJ/kgTS. Determination of potential applications of activated sludge subjected to sonication still requires further investigations that would use system for biological wastewater treatment. This would be the most reliable way to prove the suitability of activated sludge sonication in wastewater treatment technologies.
Introduction
Ultrasonic disintegration is considered to be a promising method for pretreatment of sewage sludge. The disintegration of microbial cells leads to release and solublization of organic substances that can be readily available organic substrates. Sonication was successfully used to facilitate sewage sludge biodegradability and also digestibility. Ultrasonic disintegration resulted in the increase in biogas and methane production and also the reduction of organic matter [3, 7, 9, 10, 13] . Ultrasounds could also be successfully applied to prevent an excess sludge production. In some laboratory-scale experiments activated sludge was sampled from a bioreactor and subjected to sonication, and then returned to a bioreactor for biological oxidation [6, 15] . Sonication can also support other biological processes in technological wastewater treatment, e.g. metabolic activity of aerobic and anaerobic sludge, and thus can improve the efficiency of biological treatment [12, 14] . Sonication can also improve the settleability, counteracting the phenomenon of sludge bulking or sludge conditioning method before the dewatering process. However, these applications require careful selection of operating parameters for sonication and usually low energy treatment [1, 5] .
A number of researchers have investigated the problem of optimizing the input energy for the process of sonication in order to obtain the desired effect of treatment. Feng et al. have identified two significant energy levels of sonication. The first level of sonication was lower than 1000 kJ/kg TS. In this case the ultrasound wave propagation does not cause disintegration but only disruption of structure of sludge flocs. The second level was the dose of E S = 5000 kJ/kg TS. Above this value disintegration and solubility were intensified. The highest energy examined in this study was E S = 26000 kJ/kg TS and was defined as the optimal for disintegrating waste activated sludge [4] . Carrere at al. reported that a threshold of specific energy for effective sludge solubilization varied in the range from 1000 to 16.000 kJ/kgTS and strongly depened on sludge TS concentration [2] . According to Wang at al. who considered the performance of the disintegration as a function of input energy of ultrasonic wave, the specific energy consumption should be controlled within 50 kJ/g TS [11] . Kidak et al. found that sonication at specific energy of E S = 150000 kJ/kg TS and higher could effectively disintegrate treated sludge [8] .
In the presented work the effect of ultrasonic treatment on activated sludge disintegration was investigated. The objective of this work was to study optimization of sonication in order to improve solubilization of activated sludge. The operational parameters of sonication such as: sonication time, acoustic energy, specific energy and ultrasound power and density were investigated. Also, the potential applications of sonicated sludge were discussed.
Conditions for effective ultrasonic disintegration...
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Experimental
Materials
Activated sludge (AS) were sampled from the activated sludge tank (oxic zone) from the local wastewater treatment plant (WWTP). The average daily flow of sewage treatment plant effluent is 45000.0 m 3 /d. The collected sludge was immediately transferred to the laboratory and tested. The total solids (TS) concentration of activated sludge varied between 3.55 g/L and 5.69 g/L and the volatile solids (VS) were about 70%.
Ultrasonic treatment
Disintegration by ultrasounds was performed with an ultrasonic processor VC750 (Sonics & Materials Inc., USA) operating at ultrasonic wave frequency of 20 kHz. Sludge samples of 1dm 3 were subjected to sonication at ambient temperature (20C). The sonotrode with a diameter of 19.0 mm was placed in the centre of the beaker and immersed at about 30.0 mm. The value of the amplitude of propagated ultrasonic wave was set as a percentage of maximum amplitude and kept constant by ultrasonic processor. The maximum amplitude of A = 61.0 μm (100%) was tested in this study. Sonication times were following: 240, 480, 720, 960, 1200, 1440 and 1680 s. The energy supplied to the cellular mass unit of activated sludge (specific energy -E S ) was calculated from the eq. (1). Ultrasonic power (P) could be calculated after the transformation of the eq. (2). The calculated ultrasonic density (D S ) was also an operational parameter of ultrasonic treatment (eq. (3)).
where: E -amount of acoustic energy in Joules (watts * seconds) that is being delivered to the probe (energy monitor of ultrasonic processor) [ ].
The parameters of t S , E, P, E S , D S have been identified as the independent variables and defined as operational parameters of the process of sonication.
Parameter analysis
The effects of sonication were monitored based on the concentrations of carbon, nitrogen and phosphorus compounds. The measurement of total carbon (TC), total organic carbon (TOC), total nitrogen (TN) and total phosphorus (TP) were taken on soluble fractions of sludge. The soluble fraction was defined as the fraction obtained after centrifugation and filtration. Samples were centrifuged at 10000,0 rcf for 15.0 min. The supernatant was filtrated through a cellulose nitrate membrane (0.45 μm pore size). Total carbon, total organic carbon and total nitrogen in dissolved forms were measured by multi N/C analyzer (Analytik Jena UK). Concentration of soluble total phosphorus (TP) was measured by a spectrophotometer HACH DR 5000. The measurement of total phosphorus in the solid form was performed by spectrophotometry after mineralization. Biochemical oxygen demand of sonicated activated sludge measured tested without sample pretreatment. Determination of the biochemical oxygen demand carried out with the manometric method using a set of WTW OXI TOP with continuous measurement of the momentary value of BOD. Maintaining the right conditions of BOD measurements makes the reaction as the first order, hence the resulting variable was also the value of the five-day biochemical oxygen demand (BOD 5 ) and rate constant of decomposition (k). Total solids (TS) and volatile solids (VS) were determined according to the Polish Standards.
Statistical analysis
The obtained results were presented graphically in the form of central tendency which was arithmetic means (AVG). The statistical dispersion of data around the arithmetic mean was characterized by the standard deviation (STDV). In order to determine the nature of the relationship between a dependent variable (concentrations of TC, TOC, TN, TP) and independent variables (t S , E, P, E s , D S ) simple and multiple regression was used. Simple linear regression (least squares regression line) best represented observations in a bivariate data set. The equation for simple linear regression was:
where: b 0 -a intercept, b 1 -the regression coefficient, X -the independent variable, Y -the value of the dependent variable.
The coefficient of determination (R 2 (SL)) was calculated for all equations of simple linear regressions. In the equation of multiple linear regression there were at least two of all the independent variables (eq. (5)).
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Multiple regression analysis was performed as stepwise multiple regression with forward selection procedure. This procedure evaluates the independent variables at each step by inserting or removing them from the regression equation and terminates when the coefficient of determination of linear regression (R 2 (ML)) is maximized. Stepwise multiple regression allowed to choose the most statistically significant independent variables as the best predictors of the effects of sonication of activated sludge. The multiple regression tested the hypothesis that the independent variable (X 1 -X P ) does not affect the value of the dependent variable Y. If the calculated value of test probability (p-value) is less than the accepted significance level alpha (α = 0.05) then the null hypothesis was rejected. In other words, the tested variable (X 1 -X P ) had a statistically significant impact on the value of Y. Analysis of data and regression analysis were using with STATISTICA 7.1 (StatSoft Inc., Poland).
Results
Time of ultrasonic wave propagation was the primary operational variable of the process of sonication. Extending the sonication time resulted in increased acoustic energy delivered to the sample. Depending on the amount of acoustic energy and the total solid concentration of AS the specific energy (E S ) varied. Average values of the acoustic energy and specific energy are presented in table 1. Independently of the applied sonication time, acoustic power was calculated with the eq. (2). Acoustic power in the range of applied sonication time remained stable and amounted to P = 140.9 ± 3.92 W. Due to the fact that 1 dm 3 of sludge sample was subjected to sonication, ultrasonic density was calculated with the eq. With reference to the value of a specific energy cited in the introduction, the applied maximum sonication time t S = 1680 s should generate optimal conditions for disintegration. Also, it was pointed out that the optimal value of the specific energy can be higher as well as lower than this referred value. At lower sonication time (specific energy), undoubtedly disintegration of activated sludge microorganisms occurred. Due to the system capacity for sludge disintegration the 28 minutes sonication (at sufficient ultrasonic power and specific energy) seemed to be definitely too long. Therefore, in the presented investigations the main focus was placed on determining the intensity of disintegration at lower sonication time and the optimization of process parameters.
Cyclical increase in time of sludge sonication resulted in rapid growth of the total carbon (TC) concentration in the dissolved phase of disintegrated sludge ( fig. 1 ). This was characteristic for sonication time not exceeding the 1200 s. Above this value the rate of solubilization of carbon decreased. Generally, the release of carbon to the dissolved phase was a linear function. This was confirmed by the determination coefficient for the regression rate of R 2 = 0.94. The carbon concentrations produced during sonication were up to 700 mg/dm 3 . This resulted in saturation of the solution with organic substance that is a biodegradable and readily available substrate. This was confirmed by the concentration of total organic carbon (TOC) that reached a maximum value of approximately 650 mg/dm 3 . The TOC concentrations will determine the quality of a product obtained from sonication of sludge that is used as a substrate by microorganisms ( fig. 2.) . After sonication time of 1680 s the maximum concentration of total phosphorus amounted to 50 mg/dm 3 was achieved ( fig. 4 ). It was a significantly high value, especially as the inflow to the wastewater treatment plant contained much lower concentrations of phosphorus. It can be assumed that the release of compounds containing phosphorus in function of sonication time may be rather a polynomial function. The concentration of total phosphorus estimated from the equation of linear regression at about 30% will be incorrect.
Generally, the product obtained from AS sonication showed higher concentrations of carbon nitrogen and phosphorus than raw wastewater flowing into wastewater treatment plants. Thus, depending on the amount of treated sludge the additional load of contaminants will be produced. This is an important issue because it links ultrasonic disintegration with the operation and efficiency of a bioreactor. Biological treatment technology required to comply with the relevant load of substrate in order to achieve a high degree of contaminant removal. As a result of sonication the dissolved phase was saturated with nitrogen and phosphorus was confirmed by the concentration ratio of carbon to nitrogen and phosphorus (TC/TN and TC/TP). The ratios of TC/TN did not exceed the value of 3, and the TC/TP of 15 (table 2) . Considering the type of biological processes such as denitrification and dephosphatation, they cannot occur efficiently at such low ratios. It was observed that increasing sonication time, and thus the specific energy, causes the increase in the calculated ratios. Thus, the use of high specific energy of 50000 kJ/kg TS may not be justified. Therefore, sonication of sludge may be considered as a method for enrichment of a solution (dissolved phase) in nitrogen and phosphorus compounds. It is possible that sonication of activated sludge would be a suitable option for application in industrial wastewater treatment plants where deficiencies of these elements are often observed. In the case of municipal WWTPs -which usually have the problem with the effective reduction of nitrogen and phosphorus -the use of sonication appears to be limited. The impact of ultrasonic wave propagation was characterized by the value of the five-day biochemical oxygen demand of sonicated AS ( fig. 5 ) and respectively the value of the rate constant of decomposition ( fig. 6 ). BOD 5 of non -sonicated AS was 1037 mgO 2 /dm Regression analysis performed by stepwise method allowed to choose the most authoritative independent variables (operating parameters of sonication). Table 3 shows the equations of multiple regression and the most statistically significant independent variables in detail.
For the identified TOC, TC, TN and TP concentrations acoustic energy supplied to the sludge sample and also ultrasonic density (individual case) were the most suitable arguments of linear function. They were operating parameters that best correlated with changes of determined indicators. Other variables as sonication time, specific energy, total solids and ultrasonic power were excluded from the multiple regression equation. The intercept describing the initial characteristics of waste activated sludge, and thus susceptibility of sludge to disintegration was also statistically significant. Equations of multiple linear regression for concentrations of BOD 5 and k have a more complex form. In these cases, the total solids concentration in treated AS samples, sonication time, acoustic and specific energy were a best predictors of the effects of sonication. This proved that the modeling of biochemical processes is much more complicated and may be subject to larger errors. 
Conclusions
Effects of solubilization of activated sludge organic matter exposed to ultrasonic disintegration were observed during the experiments. This is of significant importance due to substrate availability to microorganisms. By sonication of AS the dissolved phase was enriched particularly in significant amounts of nitrogen and phosphorus. These elements could disturb the processes that require additional source of carbon, thus application of sonication for generation of easily available source of organic carbon may seem less feasible. It seems more appropriate application of sonication to reduce the excess sludge through sludge disintegration and biological conversion.
Taking into account the values BOD 5 and k it should be noted that they were dependent on a number of phenomena which occur simultaneously. As a result of low energy sonication there was the breakdown of structure of activated sludge flocs and thus to the surrounding solution both microorganisms and extracellular polymeric substances was released. Increasing sonication energy lead to decomposition and solubilization of organic substances, reduction the number of viable micro-organisms as well as other changes in the metabolic activity of microorganisms. Especially on the basis of the rate constant, obtained for the sonication time t S = 720 s (E S = 22005 kJ/kg TS) specified two impact areas of sonication. This sonication time was considered as the technological line between sonification supporting auto-mineralization (aerobic digestion) and ultrasonic sludge disintegration Transformations resulted from sonication generally showed linear relationships. However, sonication time above 1200 s (E > 170 kJ and E S > 36000 kJ/kg TS) is a potential area where the rate of releasing solid substances into dissolved phase was slowing down. Therefore, the increase in energy inputs may be unreasonable and uneconomical thus sonication time t S = 1200 s should be considered the most advantageous time of ultrasonic disintegration of activated sludge.
Generally, determination of potential applications of activated sludge subjected to sonication requires further investigations that would use system for biological wastewater treatment. This would be the most reliable method to determine the relevance and importance of the process of sonication.
